An Oxygen Diffusion Layer (ODL) was generated on the surface of Ti6Al4V alloy by thermal oxidation treatment. In vitro tests for cytotoxicity were performed in the presence of Ti6Al4V and the ODL samples with the culture of G292 Cells and using MTT assay. The results showed a similar cell viability in the presence of the both samples. Wear behavior of Ti6Al4V and the ODL samples was investigated in a phosphate buffered saline solution under a normal load of 30 N at a sliding velocity of 0.1 m/s. The worn surface and subsurface of the samples were studied using SEM, STEM, TEM, XPS, AFM, nano-hardness and surface profilometry. A bio-tribofilm was observed on the worn surface of the ODL. TEM studies showed that the tribofilm had an amorphous structure and contained oxygen and phosphorous as confirmed by XPS and EDS analysis. AFM images also revealed that the tribofilm consisted of compacted fine debris. The 2 formation of the tribofilm on the ODL with higher hardness and strength resulted in a decrease of about 95% in the wear rate compared with Ti6Al4V alloy.
Introduction
Titanium and it alloys are widely used in various bio-applications [1, 2] . Titanium alloys used in the human body are typically classified into the three groups: a) -Ti, b) ( + )-Ti, and c) -Ti [3, 4] . The good performance of titanium alloys in the body is due to their excellent biocorrosion, non-toxicity and good osseo-conductivity [5, 6] . The passive oxide film formed on the surface of titanium alloys plays a major role on their prominent bio properties; i.e., excellent corrosion resistance and biocompatibility [7] . However, low wear and tribocorrosion resistance of titanium is the drawback for artificial joint applications [8, 9] . According to the literature, this is attributed to the low shear resistance of titanium and the lack of protection by a surface film [10] . The passive oxide film formed on the surface of titanium can be damaged by the mechanical loads during tribological processing. This may result in direct contact between the very reactive titanium and the corrosive medium, which causes a decrease in the properties, i.e., corrosion resistance and osseointegration [11, 12] . In addition, the debris formed by wear may reduce the biocompatibility by release of the toxic ions into the body [13] ; leading to long-term health problems such as alzheimer, neuropathy and osteomalacia [14] . In some cases, the debris has also caused inflammation by the body immune system following first surgery [15] . The problem sometimes needs revision surgery, which has a lesser success probability than the first one according to the statistical data [5] .
In joint applications, surface modifications have improved the wear resistance of titanium alloys by the formation of a bio-tribofilm [16, 17] . The effect of tribofilm is highly related to its properties; i) its adhesion and surface chemical activity, ii) its shear resistance and lubricant properties and iii) the durability of tribofilm [18, 19] . Among all surface engineering methods to be used to improve wear and tribocorrosion properties of titanium-based alloys for the bioapplications, thermal oxidation is easily applied and cost effective [20] . During thermal processing, titanium and oxygen react with each other and the surface will be covered by titanium oxide; i.e. TiO 2 . Borgioli et al. [21] reported that the oxide layer formed on Ti6Al4V alloy consists of alternate layers of TiO 2 and Al 2 O 3 . These two oxides have different physical properties; the resultant layer is almost porous and inhomogeneous and is not well-protective.
Beside the oxidation reaction, oxygen atoms also diffuse into the titanium crystal structure and locate in the interstitial sites [22] . This is due to the combined effect of three parameters: inward diffusion of oxygen, high solubility of oxygen in titanium and smaller atomic radius of oxygen than titanium [10, 23] . The result is the formation of an oxygen diffusion layer (ODL) just beneath the oxide layer on titanium alloys.
In this study, in vitro tests for cytotoxicity and tribocorrosion experiments were conducted on oxygen diffusion layer (ODL) and the results were compared with the untreated Ti6Al4V. In addition, a bio-tribofilm formed on the ODL sample was detected and characterized. The mechanism of formation of the bio-tribofilm on the treated sample was investigated.
Experimental Procedure

Samples preparation and thermal oxidation
Ti6Al4V bar with a diameter of 32 mm was obtained with the chemical composition listed in Table 1 . The bar was sliced to disk-shape specimens with a thickness of 4 mm. The specimens were polished by a 600 grit SiC paper to reach an average surface roughness (R a ) of about 0.14 µm. The specimens were ultrasonically cleaned in acetone for six minutes. To produce oxygen diffusion layer (ODL) on the surface of the alloy, the specimens were placed in an air atmospheric furnace and heat treated at a temperature of 850 °C for six hours. The relative humidity of the atmosphere was measured to be 40%. The thermal oxidation led to the formation of an oxygen diffused layer with a thin weak oxide layer on the top. The heat-treated specimens were then quenched at room temperature to detach the loosely oxide layer. The treated samples were lightly polished to remove the remained oxide scales from the surfaces.
The samples were again ultrasonically cleaned in the acetone solution. The nano-hardness measurements of the surface and subsurface of the treated, i.e., the ODL and untreated (Ti6Al4V) samples were obtained under an applied load of 10 mN with a loading/unloading rate of 0.2 mN/s. 
Cytotoxicity assay
In vitro tests for cytotoxicity were carried out by a direct contact method in accordance with BS EN ISO 10993-5 [24] . Disks with a diameter of 7 mm were prepared from Ti6Al4V and the ODL samples. The samples were then sterilized in an autoclave at a temperature of 120 °C for 30 minutes. In vitro cell tests were conducted on the samples by using osteoblast-like G292 Cells in the RPMI-1640 medium with 10% fetal calf serum.
The cells with a density of 1×10 4 cells/ml were seeded directly onto the Ti6A14V and ODL specimens. The cell culture was carried out in an incubator at a temperature of 37±0.5 °C in a 5% CO 2 humidified atmosphere. The cells incubated in the culture medium with no specimen were considered as the controls. After 24 hours of cell culturing, the cell viability was evaluated by adding 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay to the cell medium. A culture medium containing MTT was placed into each well of a 96-well plate, and the cells were cultured for 4 hours in the incubator at a temperature of 37 °C in a 5% CO 2 humidified atmosphere. The viable cells could easily metabolize the tetrazolium salt by the formation of purple formazan crystals. The formed formazan crystals were then solubilized by adding dimethyl sulfoxide (DMSO). After the solubilization of the purple formazam crystals, the optical density of the solution, which indicated the number of viable cells, was measured by using an enzyme-linked immunoadsorbent assay (ELISA) reader at a wavelength of 570 nm.
The data were then compared with the results of the controls, which were considered as 100% cell viability.
Tribocorrosion tests
The tribocorrosion experiments were conducted on the treated and untreated samples using a unidirectional ball-on-disk tribometer [26] in a phosphate buffered saline (PBS) solution under a normal load of 30 N and at sliding speed of 0.1 m/s (160 RPM) for a sliding distance of 1000 m.
The PBS was prepared in accordance with ASTM F2129 [25] , which consisted of 8.0 g/l NaCl, Before and after the tribocorrosion tests, the specimens were weighed by a balance with an accuracy of 10 -4 g. The profiles of the wear tracks were obtained using a T-8000 HommelWerke surface stylus profilometer. The change in the nano-hardness of the material beneath the wear tracks were also measured. The wear surfaces were studied by a Bruker Atomic Force Microscope (AFM) using peak force tapping technique with a peak force set-point of 1.5 µN and a frequency of 2 kHz.
Microscopy and material characterization
The wear surfaces were further studied by a 
Results
Cytotoxicity
The cell viability in the presence of Ti-6Al4V and the ODL were assessed after 24 hours of the cell culture and the results are shown in Fig. 1 . The figure shows a lower cell viability property of the ODL compared with Ti6Al4V. However, there was no statistically significant difference (p<0.05) between the data for the both samples and the controls, indicating an appropriate cytocompatibility of the samples. The similar cell viability in the presence of the samples revealed that there was no meaningful effect of the oxygen diffusion treatment on the cytotoxicity of the alloy.
It is believed that, although, the release of aluminum and vanadium ions from Ti6Al4V could be cytotoxic [13] ; the formation of a passive film could cover the alloy surface and avoid the significant release of the detrimental ions in human body. This is the main reason that Ti6Al4V alloy is still used as the load bearing implants [27] .
Nano-hardness
The nano-indentation tests were performed on the surfaces of the treated (ODL) and untreated (Ti6Al4V) samples. The variation of indentation load as a function of penetration depth for both samples is illustrated in Fig. 2 . During unloading, some deformation (i.e., penetration depth) was recovered indicating the amount of elastic deformation of each material. The remaining indentation depth was permanent and considered as the plastic deformation. Table 2 shows the data that were obtained from the nano-indentation tests in Fig. 2 . A lower value of plastic displacement of the ODL (90 nm) compared with 220 nm for Ti6Al4V could indicate a higher hardness of the ODL. Nano-hardness measurement for the ODL and Ti6Al4V samples in the The higher hardness of the ODL sample was attributed to the presence of oxygen in interstitial sites of titanium structure due to oxygen diffusion during the thermal oxidation treatment. It is believed that the interstitial oxygen increased the stress fields within the structure and limited the amount of plastic flow [28] that resulted in an increase in the hardness. The elastic moduli could be obtained from the elastic penetration depths [29] in Fig. 2 . The values of about 246 GPa and 164 GPa were obtained for the ODL and Ti6Al4V samples, respectively, as listed in Table 2 . E/H values were then calculated as presented in Table 2 . A decrease of about 60% in E/H ratio was observed after the thermal treatment (i.e., on the ODL sample) due to the oxygen diffusion.
A lower E/H ratio could result in a more brittle behaviour of the ODL wear surface [30] as would be discussed later. The change in the nano-hardness of the ODL sample with distance from the surface before a wear test is illustrated in Fig. 3a . The hardness was increased from a value of about 600 Hv in the substrate to about 1950 Hv on the surface of the sample. This revealed the effect of oxygen concentration on the hardness of Ti6Al4V alloy, i.e., the higher oxygen concentration on the surface resulted in a higher hardness. The nano-hardness of the subsurface of both samples after the wear tests was also measured and the results are shown in Fig. 3b . There was a sharp decrease in the hardness of Ti6Al4V from 900 Hv close to the wear surface to a value of about 500 Hv (i.e., the hardness of untreated Ti6Al4V) at about 10 µm below the wear surface.
Wear Rate
The wear rates of the samples and their alumina counterparts are presented in Fig. 4 . The figure shows that although the wear rates of the alumina balls mating with the samples were about the same, the thermal oxidation treatment of Ti6Al4V alloy decreased the wear rate of the alloy by about 95%. However, a similar cytocompatibility of the ODL and Ti6Al4V was observed as shown in Fig. 1 . This could nominate the ODL as an alternative for Ti6Al4V alloy in joint applications where the weak wear resistance of Ti6Al4V could cause health problems.
The higher surface hardness of the ODL sample could be a reason for its lower wear rate.
However, Fig. 3b shows that the subsurface hardness of Ti6Al4V increased to a value close to that of the ODL sample due to work hardening during wear. This suggested that other parameters than hardness could also affect the wear behaviour of the samples. The subject was investigated using various techniques including SEM, TEM, XPS and AFM and will be discussed in the following sections. Figure 5 shows SEM micrographs of the wear tracks of Ti6Al4V and the ODL samples under a normal load of 30 N. A much roughened surface with plastically deformed features along with abrasive grooves could be observed on the worn surface of untreated Ti6Al4V sample in Fig. 5a .
Surface and Subsurface Examinations
For the ODL sample, however, a smoother wear surface with no abrasive grooves could be seen in Fig. 5b as compared with the untreated sample. The absence of abrasive grooves on the wear surface of the ODL sample was attributed to a lower E/H value and a limited plastic deformation of the oxygen diffusion layer in Fig. 2 . The lower hardness and strength of Ti6Al4V under a normal load of 30 N could enable the material to deform easily during wear, resulting in the well-defined grooves in Fig. 5a . This was in agreement with the higher E/H ratio obtained in Ti6Al4V sample, indicating higher ability to plastic deformation [30] .
There were some darker regions indicative of tribofilm formation on the wear surface of the ODL in Fig. 5b and was investigated by EDS elemental maps and XPS analysis. Due to high surface sensitivity (i.e., top few atomic layers) of XPS analysis, the analyses could be indicative of the analysis of the tribofilm formed during tribocorrosion. The change in the oxygen and phosphorous concentrations with distance from the wear surface of both samples obtained from the survey spectra of the XPS analysis is presented in Fig. 7 . The XPS analysis of respectively. In Fig. 8a , the peaks at the binding energy of 531.2 eV could be due to a phosphate compound [32] , and other peaks at 532.5 and 533.4 eV corresponded to the adsorbed oxygen [31] on the surface. Figure 7 shows a high amount of oxygen (i.e., 40 at%) and phosphorous (i.e., 3 at%) at the near surface of Ti6Al4V, which decreased sharply in the regions deeper than 100 nm. The existence of phosphorous and oxygen on the worn surface of Ti6Al4V sample might be related to the formation of a very thin (i.e., about 100 nm) tribofilm during tribocorrosion. Figure 7b also shows a higher content of phosphorous in the deeper subsurface regions of the treated (i.e., the ODL) sample, i.e., at least 560 nm from the worn surface. It should be mentioned that the only source of phosphorous was from the solution, and phosphorous could not diffuse in the metal lattice at room temperature. Therefore, the presence of phosphorous on the surface and subsurface of the ODL wear sample could confirm the existence of tribofilm with a thickness of at least 560 nm. In addition, as shown in Fig. 8b , the high-resolution P 2p spectrum was fitted with three peaks at various binding energies. [32, 33] .
The presence of phosphates was also confirmed in Fig. 8c , where the peaks of the Ti 2p spectrum at 460.0 and 466.4 eV were attributed to titanium phosphate [34] . The Ti 2p spectrum also indicated the presence of TiO 2 by the peaks at the binding energies of 459.3 and 465.3 eV, which were corresponded to Ti 2p 3/2 and Ti 2p 1/2 , respectively. The spectrum in Fig. 8c presents two other peaks at 458.6 and 464.0 eV, which might result from a titanium oxide with a lower valence of titanium (i.e., TiO X ) [33] . Therefore, the XPS analyses confirmed that the tribofilm contained a mixture of titanium oxides and phosphates. Figure 9 shows TEM images of the wear cross section of Ti6Al4V. The Selected Area Electron Diffraction (SAED) patterns obtained from various locations below the wear surface are also illustrated in Fig. 9 . There was a platinum coating on the surface, which protected the surface from gallium ion bombardments during FIB processing. A continuous thin layer of about 20 nm on the wear surface was also due to the platinum coating. At the regions beneath the platinum coating, the nano-crystalline grains with the size of less than 50 nm could be observed in Fig. 9b .
The formation of very fine grains was due to high strain and strain rates exerted on the underlying material during sliding that also caused an increase in the nano-hardness of Ti6Al4V as shown in Fig. 3b . The continuous ring of the SAED pattern in Fig. 9d from region 1 of Grains of -Ti with a size less than 200 nm could be observed in the deeper regions, i.e., point 3
in Fig. 9c , about 5000 nm from the wear surface of Ti6Al4V. The low index rings in the SAED pattern were also changed from a continuous ring pattern near the wear surface in Fig. 9d (i.e., point 1 in Fig. 9b ) to discrete spots in the deeper regions in Fig. 9f , which confirmed the electron diffraction from coarser grains.
The dark-field TEM image and SAED patterns at the various locations of the subsurface regions of the wear surface of the ODL sample are presented in Fig. 10 . Below the platinum coating, Fig. 10 shows that a discontinuous tribofilm with a varying thickness less than 230 nm was formed. There were no cracks or defects at the interface between the tribofilm and the ODL substrate, which could suggest a good adhesion. Figure 10a shows larger grains at the deeper regions (i.e., 4 or 5 µm) as compared with the grains close to the wear surface. The diffraction pattern obtained at region 2 about 100 nm away from the wear surface in Fig. 10c indicated relatively more continuous rings than the regions further away from the wear surface. In the deeper locations about 500-2000 nm from the wear surface, the diffraction patterns were changed to spot patterns (Figs. 10d-g ). The SAED patterns revealed that the grain refinement in the ODL sample was limited to a thin layer with a thickness of about 500 nm, which was much lower than the depth (i.e., at least 5000 nm) of the grain-refined region in the untreated sample in Fig. 9 . 
Discussion
Plastic Deformation of the Subsurface of Wear Tracks
The change in nano-hardness with distance from the wear surface in Fig. 3b indicated an increase of about 80% in the hardness of Ti6Al4V due to the induced stresses on the near surface regions during sliding wear and subsequent plastic deformation and work hardening of the material. The decrease in the hardness with distance from the wear surface was also observed for the ODL sample; however, it was not as sharp as Ti6Al4V. The result suggested that the subsurface plastic deformation on the ODL did not show work hardening and a tangible effect on the hardness of wear subsurface region as was depicted for Ti6Al4V.
The microstructural studies of Ti6Al4V before wear test showed that the bulk material contained -Ti grains with an average size of about 4000 nm and remained -Ti in the grain boundaries.
The formation of very fine grains of Ti6Al4V in the TEM image of Fig. 9 was due to high strain and strain rates exerted on the underlying material during sliding that also caused an increase in the nano hardness of Ti6Al4V as shown in Fig. 3b . The smaller grain size in region 3 in Fig. 9c compared with the grain size of the bulk material revealed that the material 5000 nm away from the wear surface was also affected by deformation and work hardening during sliding. The formation of the fine grains at the subsurface of Ti6Al4V during wear also resulted in an increase in the hardness of these regions as presented in Fig. 3b . It should be mentioned that due to the limitation of the FIB sampling it was not possible to study the microstructure of the sample by TEM at deeper regions, i.e., more than 5000 nm (5 µm). However, the hardness measurements shown in Fig. 3b indicated that the increase in hardness and, therefore, plastic deformation occurred at a depth of about 10 µm from the wear surface of Ti6Al4V under a normal load of 30 N in a PBS solution. The plastic deformation of the surface and subsurface could limit the formation of tribofilm on the wear surface [35] and, therefore, limit the protection needed to reduce wear of Ti6Al4V in Fig. 4 .
The mechanisms of the grain refinement of Ti6Al4V during sliding wear could be explained as follow: Ti6Al4V alloy has high stacking fault energy with a dual phase ( + ) structure; and phases have hexagonal close-packed (hcp) and body centered cubic (bcc) crystal structures, respectively [36] . Titanium with hcp structure has higher number of packed planes than other hcp metallic materials [37] . This is related to its c/a ratio of 1.587, which is lower than the value of 1.633 for ideal hcp structure. The lower c/a ratio results in more densely packed prismatic and pyramidal planes, i.e., { } and { }. This causes slip to also occur in these planes as in the basal planes { } and, therefore, to increase the slip systems [38] . However, the number of slip systems of -Ti are not high enough for the plastic flow by the dislocation slip mode [39] .
In fact, only four independent slip systems are provided by the basal, prismatic and pyramidal slip planes [39] , whereas, at least five independent slip systems are required for compatible plastic deformation in accordance with Von-Mises criterion [40] .
It is believed that the formation of deformation twins is the dominant mechanism to accommodate plastic deformation of -Ti with a coarse grained microstructure [41] as occurred during early stage of deformation of alpha grains of Ti6Al4V. However, no deformation twins were observed in the TEM images of the nanostructure of Ti6Al4V wear contact region in Fig. 9 .
Kim et al. [42] reported a similar observation on deformation of pure -Ti microstructure alloy (i.e., CP-Ti) after its grains were refined to nano-scale by ECAP. It has been proposed [43] that in a metallic material with a nano-grained structure, even those with limited slip systems such as -Ti, compatible plastic deformation might be accommodated by slip without the formation of twinning. Therefore, the requirement of five independent slip systems was not needed to accommodate deformation by dislocation slip for highly refined grains [44] . Furthermore, it was also suggested [44] that several nano-grains should simultaneously deform plastically to meet the Von-Mises criterion in order to have deformation by dislocation slip mode. On the other hand, the remaining beta phase ( -Ti) with bcc structure and more independent slip systems and high stacking fault energy could easily deform by dislocation slip mode [36] .
During wear, the simultaneous effects of these two deformation mechanisms (i.e., deformation twin and dislocation slip modes) could generate dislocation walls by intersections between twins and dislocations [36] . The dislocation walls divide the grain into several sub-grains and result in submicron and nano-scaled grains [45] as shown in Fig. 9b .
The surface profilometery of the wear track of the ODL sample under a normal load of 30 N showed that the depth of wear track was about 30 µm. Figure 3a indicates that the hardness of the unworn ODL at a distance of 30 µm from the surface was about 800 Hv. This value was very close to the measured hardness of the near surface region of the wear track of the ODL in Fig. 3b . This revealed that the hardness of the regions near the wear surface in the ODL sample was directly related to the amount of diffused oxygen and not the plastic deformation induced by wear.
The much lower depth of the grain refinement region in the ODL sample (Fig. 10 ) also indicated a low depth of plastic deformation induced by the contact stresses during sliding. This could be due to the diffusion of oxygen atoms in the interstitial positions of -Ti which increased the hardness and c/a ratio of the hcp structure [23] . The higher c/a ratio limited the slip systems [10] and the higher hardness lowered the depth of plastic deformation during sliding. Comparing the subsurface hardness of the ODL wear surface in Fig. 3b and the SAED patterns in Fig. 10 suggested that, although there was a slight change in the diffraction patterns at 250 and 500 nm depth, but there was not any meaningful change in the variation of the hardness during sliding.
This confirmed that the diffusion process rather than the mechanical factors, i.e., the plastic deformation and work hardening, controlled the hardness of the subsurface regions in the ODL sample.
Bio-Tribofilm Formation on the ODL
The tribofilm was observed on the wear surface of the ODL sample as shown in SEM images of the wear tracks in Fig. 5 . The formation of the film was also confirmed by the STEM and TEM cross-sectional studies shown in Figs. 6 and 10, respectively. The High-resolution XPS spectra in Fig. 8 showed that the bio-tribofim contained Al 2 O 3 , TiO 2 , titanium phosphates and adsorbed oxygen. These results revealed the reaction of the ODL surface with the PBS solution to form a bio-tribofilm on the wear surface.
Interstitial oxygen in titanium structure might control the tribofilm formation and its durability by the combination of two following factors: (1) The probability of wear particle formation during sliding increased with a decrease in E/H ratio, due to a more brittle behaviour of the material during sliding [30] . Therefore, due to a lower E/H of the ODL (Fig. 2) , a higher fraction 
Conclusions
1-The diffusion of oxygen in Ti6Al4V during thermal oxidation processing resulted in an ODL surface with a higher hardness and a lower E/H ratio.
2-In vitro tests for cytotoxicity indicated a similar cytocompatibiliy for Ti6Al4V and the ODL samples.
3-A decrease of about 95% in the wear rate of the ODL was observed as a result of thermal processing. This was attributed to the higher hardness of the ODL sample as well as formation of an amorphous tribofilm on the worn surface as detected in SEM, TEM and AFM images.
4-XPS analysis showed that the tribofilm contained aluminum and titanium oxides and titanium phosphates.
5-TEM results indicated that the grain refinement in the ODL occurred close to the wear surface at a depth of about 500 nm, while the affected depth for Ti6Al4V sample was at least 5 µm. The much lower depth of grain refinement in the ODL sample was related to the oxygen diffusion and its lower ability for plastic deformation, which resulted in a better support for the bio-tribofilm.
6-The AFM study showed that the tribofilm was consisted of fine particles. 
m
Highlights
 Oxygen diffusion in Ti6Al4V resulted in a higher hardness and a lower E/H ratio.
 Ti6Al4V and ODL samples indicated a similar cytocompatibility.
 A bio-tribofilm formation decreased the wear rate of ODL by about 95%.
 Nano-structured grains were formed in Ti6Al4V wear subsurface by high plastic flow.
 Low ability for plastic flow in ODL limited grain refinement of wear subsurface. 
